Polyaniline and oligomeric cobalt phthalocyanine are blended in different proportions by chemical methods. These blends are characterised by spectroscopic methods and dielectric measurements. Dielectric studies on the conducting polymer blends are carried out in the frequency range of 100 kHz to 5 MHz from room temperature (300 K) to 373 K. Dielectric permittivity and dielectric loss of these blends are explained on the basis of interfacial polarisation. From the dielectric permittivity studies, ac conductivity of the samples were calculated and the results are correlated. In order to understand the exact conduction mechanism of the samples, dc electrical conductivity of the blends is carried out in the temperature range of 70-300 K. By applying Mott's theory, it is found that the conducting polymer composites obey a 3D variable range hopping mechanism. The values of Mott's temperature (T 0 ), density of states at the Fermi energy (N(E F )), range of hopping (R) and hopping energy (W) for the composites are calculated and presented.
Introduction
Organic and metallo-organic polymers gained importance because of their electrical, electronic, non-linear optical, electrochemical and photochemical applications [1] [2] [3] [4] . In order to make use of these polymer compounds for specific applications, they are modified either by co-polymerisation or by making blends with other polymers [5] . Production of blends using organic and metallo-organic polymers is an attempt to derive new polymeric materials by combining the properties of the individual components of the blend [6, 7] . The use of blends/composites in various electric and electronic devices attracted attention because of their conducting nature, chemical stability and the economic viability. Among the many conducting polymers, polyaniline seems to be one of the best candidates for preparing conducting polymer composites since it is stable both thermally and environmentally [8] [9] [10] [11] . The blends of polyaniline doped with sulphonic acid [12] , phosphoric acid in different poly-mers such as polymethyl methacrylate [13] , cellulose [14] and polyurethane [15] have been investigated. Electrical properties of polyaniline blended with other polymers are relatively different from that of pure polyaniline. Along with the incorporation of insulating polymers into conducting polymers, introducing polymeric/oligomeric phthalocyanine into polyaniline matrixes are also investigated [7, 16] . Incorporation of oligomeric phthalocyanine onto polypyrrole facilitates electrochemical process involving cation transport. A conductive polymer composite using polyaniline and polymeric phthalocyanine can be potential materials for rechargeable batteries [16] .
In this paper, optical and electrical studies on blends of polyaniline-oligomeric cobalt phthalocyanine are discussed. The dielectric and conductivity measurements of polyaniline at different proportions with oligomeric cobalt phthalocyanine are carried out for different temperatures and the conduction mechanism in these composites is explained based on the Mott's variable range hopping model.
Experimental
Polyaniline doped with camphor sulphonic acid (PANICSA) [16] [17] [18] (CoPc) [19] [20] [21] by mixing them homogeneously in an agate mortar for several hours. The materials were prepared in the following volume fractions: 90% PANICSA-10% CoPC, 50% PANICSA-50% CoPC, and 10% PANICSA-90% CoPC.
FTIR spectra of the samples in transmission mode were recorded by using Perkin-Elmer FTIR spectrometer (model spectrum 1000). The conducting polymer composite samples were pressed in the form of pellets of diameter 10 mm and thickness ranging from 1 mm to 3 mm. The permittivity studies were carried out on these pellet samples using a home made dielectric cell and an HP 4285A LCR meter in the frequency range 100 kHz-5 MHz from room temperature (300 K) to 383 K under dynamic vacuum (10 −2 Torr). The cell was standardised using standard teflon samples where the lead and fringe capacitances were eliminated. The LCR meter was interfaced via a GPIB card to PC. A package based on virtual instrumentation (VI) known as LabVIEW was used for measuring dielectric permittivity from the obtained capacitance values by employing the following relation:
where C is the capacitance of the sample, A the surface area of the sample, ε 0 the permittivity of air and ε r is the dielectric permittivity of the sample. ac conductivity of the sample was calculated by using the empirical relation:
where ε 0 is the permittivity of air, ε r the dielectric permittivity of the sample, f the frequency and tan δ is the dielectric loss. Electrical conductivity measurements was carried out on the pellets of conducting polymer composites using Keithley source measuring unit (SMU 236) and a home made conductivity cell under high vacuum (10 −5 Torr) in the temperature range, 70-300 K by employing a two-probe technique.
Results and discussions

FTIR studies
The FTIR spectrum of tetrameric cobalt phthalocyanine and PANICSA/CoPC composites are as shown in Figs. 1 and 2 , respectively. In Fig. 1 , the peak at 721 cm −1 is attributed to non-polar deformation vibrations of the CH bonds of benzene ring [22] . The peaks at 1460 cm −1 , 1307 cm −1 are indicative of skeletal stretching vibrations of C-C in benzene ring. The characteristic peak for C N skeletal stretching vibration is also noted at 1517 cm −1 [23] . Metal-ligand vibration band is observed at 904 cm −1 for tetrameric cobalt phthalocyanine proclaiming the stability of the metal phthalocyanine, which is due to the strong bonding between the metal ion and four surrounding nitrogen atoms [24] . The CO stretching and OH deformation confirm the presence of COOH, which is characterised by the band at 1696 cm −1 . Moskalev and Kirin found an intense band at 1006-1008 cm −1 and Stymne observed at 1539 cm −1 for NH vibration in metal free phthalocyanine [25, 26] . The absence of these peaks in Fig. 1 suggests that the sample does not have any metal free phthalocyanine.
IR spectra of polyaniline with tetrameric cobalt phthalocyanine blends show peaks at 715-733 cm −1 , 904-1038 cm −1 , 1081-1100 cm −1 and 1695-1728 cm −1 , which are attributed to phthalocyanine skeleton [27] [28] [29] . In addition, bands observed at 1460-1479 cm −1 , 1578-1597 cm −1 , 1234-1299 cm −1 and 1129-1142 cm −1 , are due to polyaniline [30] , wherein the bands at 1234-1299 cm −1 and 1129-1142 cm −1 show that the incorporated polyaniline in composites is camphor sulphonic acid doped polyaniline. Apart from these, the peaks at 1695-1728 cm −1 in the blends correspond to -COOH group.
Dielectric studies
A typical set of graphs depicting the dielectric behaviour of the conducting polymer composites of polyaniline with tetrameric cobalt phthalocyanine over the frequency range 100 kHz-5 MHz at different temperatures is shown in Fig. 3 . The variation pattern of dielectric permittivity for all compositions is almost similar and the typical values at 373 K for 1 MHz are compared. The value of dielectric permittivity at 1 MHz of oligomeric cobalt phthalocyanine at 373 K is 50.78 and it increases with increase of polyaniline concentration till both PANICSA and CoPc are at equal proportions, and after which it decreases. The dielectric permittivity value of CoPc90 PAN-ICSA10 at 373 K at 1 MHz is about 65.71, which is higher than that of CoPc. Also the dielectric permittivity value of CoPc10 PANICSA90 is 98.86. But the value of PANICSA at the same condition is 105.26, which does not show much variation like CoPc and CoPc90 PANICSA10. However, the value of dielectric permittivity of CoPc50 PANICSA50 approaches (104.99) towards the PANICSA value but not CoPc. This shows that the tetrameric cobalt phthalocyanine does not show much influence on the dielectric permittivity of composites.
The dielectric permittivity increases with increase of temperature and at a particular temperature it decreases monotonically with increasing frequency. This may be due to the tendency of induced dipoles in macromolecules to orient themselves in the direction of the applied field when the frequency of alternation is low. However, at high frequencies the induced dipoles will hardly be able to orient themselves in the direction of the applied field and hence the dielectric permittivity decreases [31] . Frequency dependence of the dielectric permittivity in these composites is more pronounced at lower frequencies. This is because the interfacial polarisation plays an important role in these composites at lower frequencies. This polarisation will arise only when the phases with different conductivities are present [32] . Conducting polymers and its composites show high dielectric permittivity due to the large effective size of metallic islands in these compounds and easy charge transfer through well-ordered chains in disordered regions.
The dielectric loss versus frequency curves for composites are presented in Fig. 4 . The loss factor decreases with increase of frequency and increases with temperature. This is usually associated with ion drift, dipole polarisation or interfacial polarisation [33] . The increase of dielectric loss with decreasing frequency is very rapid at low frequencies. Also the study of miscibility in blends/composites by dielectric relaxation involves the assessment of one or more loss peaks. In binary blends, one or multiple loss peaks will occur [34] . These blends do not exhibit peaks except in the case of CoPc90 PANICSA10 composition.
In the case of CoPc90 PANICSA10 mixture, there appears a peak in the dielectric loss curve at higher frequencies. Also the loss peak is shifted towards the higher frequency as the temperature increases. This shift in the loss peak is in accordance with the Debye theory of dipole orientation [35] , i.e., at high temperatures and for a given frequency, a maximum of tan δ will occur such that 2πf relax = 1/τ, where τ is relaxation time. Accordingly f relax will be greater when τ is less. The rise in temperature cause a reduction in the mean time of stay of ionic dipoles which in turn change τ to decrease and f relax to occur in higher temperatures. The appearance of a peak only in this composition is because of the extended conjugated structure of CoPc tetramer, which causes delocalisation of the charge and hence the peak shift towards higher frequency. As polyaniline content increases in the mixture, the mixture exhibits the characteristic of polyaniline itself because of very high conductivity of polyaniline there by leading to loss peak at lower frequency. This dielectric loss behaviour is in accordance with the dielectric permittivity behaviour observed for the same blends.
ac conductivity
ac conductivity of the composite samples is calculated from the measured dielectric permittivity and dielectric loss. Variation of ac conductivity of conducting polymer composites with frequency for different temperatures is shown in Fig. 5 .
From Fig. 5 , it can be seen that in samples with high concentration of CoPc, the frequency dependence is predominant whereas samples with high concentration of PANICSA show less frequency dependence. This is because of the incorporation of phthalocyanine materials in conducting polymers improving the charge storage capacity of the blends [16] . The ac conductivity obeyed the empirical relation of the form [36] :
where σ ac is the ac conductivity, ω the angular frequency, A the proportionality constant and s is the index which is characteristic of the type of conduction mechanism/relaxation mechanism dominant in amorphous materials.
The variation of exponent s with temperature gives information about the conduction mechanism involved. The value of s is less than 1 for all samples. An increase in ac conductivity with frequency and temperature dependence indicates that there may be charge carriers, which are transported by hopping through the defect sites along the polymer chain [37] . Also the increase in electrical conduction with increasing temperatures is due to the build up of ordered polycondensed rings, which allow charge transport. This temperature dependence of conductivity at higher temperatures suggests that the variable range hopping of charge carriers may occur in these composites. 
dc conductivity
To investigate the charge transport mechanism in composites, the temperature dependence of the electrical conductivity is studied in the temperature range 70-300 K for all compositions. The temperature dependence of dc conductivity for different volume fractions of polyaniline doped with camphor sulphonic acid in the blends is shown in Fig. 6 .
In semiconductors, if the main conduction mechanism is due to the carriers excited beyond the mobility edge into nonlocalised or extended states, then the dc conductivity is expressed as [36] :
where σ 0 is the proportionality constant, E a the activation energy, k the Boltzmann constant and T is the temperature. Conductivity increases with increase of temperature for all compositions and it increases with increase of volume fraction of polyaniline doped with camphor sulphonic acid (PANICSA). The increase of conductivity with increasing temperature indicates the semi conducting behaviour of the composites. The activation energy values are calculated from Fig. 6 and it is found that the activation energy decreases with increase of volume fraction of polyaniline doped with camphor sulphonic acid. The low values of activation energy implies that the conduction is due to the excitation of carriers into mobility edge and/or to the localised states at the band edges which is inadequate to explain the conduction mechanism.
Thus the conductivity data are analysed with the help of Mott's variable range hopping (VRH) model. This mechanism is very often used to explain the dc conductivity of disordered and amorphous materials. In polymers with non-degenerate ground states, the charge transport is due to polarons and bipolarons [38, 39] . This is consistent with the existence of high-density states in the band gap. Charge carrier localisation may give rise to the formation of polarons and the charge transport may be considered due to the variable range hopping. Basic theory and mechanism of the Mott's variable range hopping model has been already reported in detail [40, 41, 20] . According to Mott's theory, the conductivity is expressed as:
In this equation, if N = 1/2 or 1/4 corresponds to the VRH conduction in one dimension or in three dimensions, respectively. log σ versus T −1/4 gives best fit as seen in Fig. 7 . But log σ versus T −1/2 is not resulting in a perfect fit. The value of Mott's characteristic temperature T 0 and Mott's parameters for CoPc tetramers [20] , PANICSA and the blends are given in Table 1 . From Table 1 , it is found that typical values of T 0 are low for PANICSA and it increases with increase of CoPc percentage. The value of T 0 implies an effective energy separation between localised states. If the value of T 0 decreases, the system becomes highly conducting and the value of T 0 contains the geometrical parameters of the system like size and distance between the grains and columbic interaction energy [14] . The conduction mechanism of unblended polyaniline is characteristic of three-dimensional variable range hopping (3D VRH) instead of one-dimensional variable range hopping (1D VRH), which is normally found in doped polyaniline. This may be due to the better inter-chain coupling in PANICSA and also due to the more sites are available for hopping in 3D [15] . Tetrameric cobalt phthalocyanine also follows the three-dimensional hopping conduction [20] .
The dc conductivity of CoPC-PANICSA blends is compared with other conducting polymer composites. Reports exist on conductivity studies carried out in PANI-PVC blends. These composites exhibit a temperature dependence of conductivity that is quite different that of doped PANI [42] . As the temperature is decreased, the blends showed a much smaller decrease of conductivity than the unblended PANI [42] . It is found that the decrease of conductivity even more pronounced in the case of polyaniline (PANI)-poly methyl methacrylate (PMMA) blends than in PANI-PVC blends. The blends of PANI with copolyester of polyethylene terephthalate (PETG) show a flattening in σ at high temperatures in a manner similar to PANI-PMMA blend, and the decrease in conductivity as the temperature is reduced. The value of σ for PANICSA-CoPC blends is found to be decreased from that of unblended PANICSA like PANI-PVC [42] and PANI-PMMA [43] . The conducting polymer composites mentioned above follow either 1D VRH or 3D VRH conduction mechanism.
From our observations and the comparison of PANICSACoPC blends with the available data of conducting polymer composites, it is clearly seen that both tetrameric cobalt phthalocyanine and polyaniline contribute to the conduction process depending on the volume fraction.
Conclusions
Blends of polyaniline and tetrameric cobalt phthalocyanine are prepared and characterised by FTIR spectrum. The dielec-tric permittivity studies of these blends are carried out in the frequency range 100 kHz-5 MHz in the temperature range of 300-373 K, and the corresponding dielectric losses are compared. From I-V studies it is clear that variable range hopping conduction is the dominant conduction mechanism in the blends, which obeys 3D type mechanism. The conduction mechanism is explained with the help of Mott's theory and the Mott's parameters are determined.
